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This study presents a basic methodology for characterizing low-level 
radioactive waste. The methodology takes into account the source of the waste, 
the characteristics of the waste, the potential for the presence of specific 
radionuclides, the characteristics associated with each radionuclide, and the 
applications of and limits on the techniques used to measure radiation levels.
Waste generators have shown an interest in such a methodology, based on 
the increased regulatory requirements for handling, transporting, and disposing of 
this waste. One reason no formal methodology has yet been implemented is that 
limits have not been set to define the point at which a waste material is 
considered to be low-level and below which it is "below regulatory concern" 
(BRC) or contains no more than a diminimus level of radioactivity (i.e., is 
nonradioactive). This study introduces the concept of diminimus limits specific to 
waste streams and waste forms. It also provides a mechanism for evaluating 
waste in relation to BRC limits.
The methodology employs both standard and theoretical assessment, 
analysis, and data interpretation techniques. The computer code Microshield is 
used to simulate the decay of radionuclides and radiation levels of low-level waste 
in a theoretical study. The methodology developed here can be used to perform a
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complete and adequate characterization of waste and as a sound basis for 
determining and documenting when a waste is BRC or when it contains no more 
than a diminimus level of radioactivity. The methodology ultimately relies on the 
use of limits for classification; if these limits cannot be established, the waste is 
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Waste characterization, in general, is the process by which the physical, 
chemical, and radiological properties of a waste are determined. The presence 
and concentration of specific constituents (chemicals and radionuclides) in a waste 
are determined, in many cases, so that the waste can be classified according to its 
level of hazard and handled accordingly. The process by which radioactive waste 
is characterized involves the identification of specific radionuclides and the 
determination of the concentrations of these radionuclides. The methods used to 
analyze radioactive waste range from nondestructive methods such as process 
knowledge or analysis of a representative sample of the waste to destructive 
methods such as incineration of the waste material and identification of 
radionuclides and their concentration from the remaining residue.
Process knowledge, as a method of waste characterization, relies on an 
understanding of the operation(s) producing the waste. The ability to perform a 
material balance evaluation is often the determining factor in the ability to use 
process knowledge. Sufficient operational controls must be in place for a high 
confidence to exist in an assessment based on the material balance.
Documentation that substantially supports the methodology used for determining
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these values is required. In addition to process knowledge, other nondestructive 
techniques include the passive measurement or assay (using radiation detection 
instrumentation) of radiation types and energies emitted from the waste package.
Radiation detectors used to measure the radioactive decay of alpha and 
beta particles and gamma and X-rays can produce accurate results, but the effort 
and time required to measure these radiations and identify the source 
radionuclides increase significantly as the radioactivity level of the waste 
decreases and as the complexity of the waste stream and the potential for 
radionuclides to be present increases. Active assay methods include interrogation 
using neutrons (i.e., a waste containing fissionable materials is subjected to a 
neutron flux) that results in the occurrence of fissions and the release of prompt 
and characteristic delayed neutrons. The characteristics of the delayed neutrons 
observed can then be used to accurately and precisely determine fissionable 
radionuclides and concentrations.
Representative sampling can be employed using either nondestructive or 
destructive techniques. The ability to obtain a representative sample of a waste 
depends on the physical waste form composition and waste generation process. 
For homogeneous waste forms, nondestructive evaluation methods such as 
representative sampling and radiation assaying of that sample can often be 
conducted. Knowledge of the waste generation process is critical in determining
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whether representative sampling can be conducted because often a generation 
process can produce a highly variant waste for which representative sampling can 
be difficult. For heterogeneous waste forms, destructive evaluation of the waste 
package and subsequent analysis is often required.
The use of any of these techniques can require a significant level of effort, 
time, and money. In theory, these techniques should produce the information 
necessary to accurately and precisely determine the radionuclides and their 
concentrations. In practice, both the application of these techniques and nature of 
the waste under evaluation must be well understood if the waste is to be 
adequately characterized.
The factors affecting the selection of any particular technique for 
determining the radionuclides and concentrations of these radionuclides include 
but are not limited to the physical nature of the waste form, the ability to sample, 
special hazards associated with the waste, and the regulatory requirements. As 
previously stated, for a waste form with a heterogeneous physical matrix 
generated from a process of high variance, it may be impractical to obtain 
representative samples, and thus the selection of a possibly less effective alternate 
technique may be necessary. Regulatory requirements designed to protect 
workers, the public, and the environment from any significant threat resulting 
from the generation, treatment, storage, or disposal of radioactive and radioactive
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mixed waste may also affect or direct the use of a particular technique. The 
regulatory aspects related to development of the characterization methodology are 
discussed in Chapter 2.
The objective of this study is to develop an overall methodology that can 
be used to determine the radionuclides and concentrations of radionuclides present 
in waste containing low levels of radioactive material. It is not intended that the 
focus be on the evaluation of any one specific regulation or technique for 
radiation detection and measurement or analysis, beyond the need to assess its 
application to the overall methodology. Interest in the development of such a 
methodology is due in part to the regulatory requirements for handling, 
transporting, and disposing of radioactive and radioactive mixed waste.
Regulators have already given a great deal of attention to treatment technologies 
and disposal facility requirements. This study is intended to address one part of 
the concern that regulators and industry have in attempting to determine 
acceptable limits for disposal of radioactive waste, that is, the methodology that 
will be used to classify these wastes by groups, whether that be by waste stream, 
waste category, physical waste form, level of radiation, or method of waste 
generation.
Of particular concern are the level at which a waste is defined to not be 
radioactive (diminimus) and the level at which a waste is defined to be radioactive
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but below regulatory concern (BRC). This study introduces the concept of 
diminimus limits specific to waste streams and waste forms; although, it does not 
attempt to establish specific BRC or diminimus limits. However, it is postulated 
that once BRC limits are established by the regulators, the characterization 
methodology presented here can be used in conjunction with these limits to 
properly classify waste. Additionally, this methodology can be used for 
determining that a waste is not radioactive by demonstrating that it contains no 
more than a diminimus level of radioactivity.
Without the use of a characterization method that consists of sound 
engineering and scientific principles, certification (required by many disposal 
facilities) of the content, constituents, and concentrations of these constituents 
would be difficult for most waste streams. Additionally, treatment and disposal 
considerations, which have relied on assessing only the upper radionuclide 
concentration limits, may require operational modifications to account for 
subcategories of low-level radioactive wastes down to a diminimus level.
This study encompasses wastes generated at facilities owned by the U.S. 
Department of Energy (DOE). The scope of the study is limited to low-level 
radioactive wastes that are currently disposed at the Nevada Test Site (NTS) and 
low-level radioactive and radioactive mixed wastes currently in storage at DOE’s 
Rocky Flats Plant, located in Golden, Colorado; the Lawrence Livermore National
T-4020 6
Laboratory, located in Livermore, California; and the Idaho National Engineering 
Laboratory, located near Idaho Falls, Idaho. These wastes are normally packaged 
in 55-gallon drums or 4 ’x4’x7’ and 4 ,x2*x7’ wooden boxes, and the methodology 
presented herein focuses on strategies that can be used to characterize existing 
waste contained within these finite units.
Statistical analyses performed on data in this study are based on a 95% 
level of confidence. This level is used consistently throughout the study and is 
assumed to be appropriately conservative for evaluating radionuclides in 
radioactive waste when compared to an 80% confidence interval used by the U.S. 
Environmental Protection Agency (EPA) for evaluating hazardous constituents in 
solid waste (EPA, 1986).
Conventional sampling and analysis are standardized methods for which 
procedures have been developed and published by the EPA or other recognized 
agency and which are commonly used by regulators and the industry. The 
procedures for sampling and analysis to determine the chemical constituents of a 
waste are presented in SW-846 (EPA, 1986). Several standard radiochemical 
analysis procedures are presented in EMSL-LV-0539-17 (EPA, 1979).
Currently at many DOE facilities, conventional sampling and analysis 
techniques cannot be used to characterize radioactive waste due to the 
heterogeneous nature of the waste material; hence conservative classification of
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such waste material as low-level, based on process knowledge, is common.
Waste materials for which conventional sampling and analysis techniques are used 
are mostly homogeneous liquid and solid matrices such as oils, sludges, and soils. 
Waste that is not amenable to representative and conventional sampling and 
analysis may be amenable to the use of less conventional techniques such as 
radiation assaying. Radiation assaying has been used almost exclusively for the 
assessment of transuranic and high-level waste, and thus the use of radiation 
assaying to determine radionuclides present and corresponding concentrations in 
low-level waste is still unconventional.
This study focuses on low-level waste at facilities such as the Rocky Flats 
Plant, where as of yet, they have not developed the ability to systematically 
determine radionuclide concentrations for low-concentration radioactive waste 
streams at levels desirable for accurate and precise waste characterization. A brief 
discussion of the current practices and applications of radiation assaying at DOE 
facilities is provided in Section 2.1.
Chapter 2 concentrates on the complexity of those regulations governing 
the handling and disposal of radioactive and radioactive mixed waste. It serves as 
the basis for the development of the radioactive waste characterization 
methodology. Previously identified and characterized waste as well as past and 
current activities at DOE facilities associated with radioactive waste
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characterization are presented in Chapter 3. In Chapter 4, a proposed 
methodology for characterizing low-level wastes is presented. Section 4.4 





Regulations affecting the generation, handling, and disposal of radioactive 
and radioactive mixed waste have been established by several governmental 
agencies including the DOE, the Department of Transportation (DOT), the EPA, 
and the Nuclear Regulatory Commission (NRC). A general review and discussion 
of their application to the methodology developed herein is presented below. The 
focus is on general implications of these regulations regarding low-level waste 
generated at DOE facilities.
2.1 The Department of Energy
The DOE manages and regulates radioactive waste at its facilities through 
the use of internal orders and by adoption of DOT, EPA, and NRC regulations. 
DOE disposal facilities in current or imminent use include NTS and the Waste 
Isolation Pilot Plant (WIPP). To be accepted at NTS, waste is required to meet
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the definition of low-level or low-level mixed1 as designated in the NTS waste 
acceptance criteria (DOE, 1988a). To be accepted for disposal at WIPP, waste is 
required to meet the definition of transuranic or transuranic mixed2 as designated 
in the WIPP waste acceptance criteria (DOE, 1991). Several analysis methods, 
including process knowledge, radiation assaying, and radioisotopic analysis, are 
used by waste generators at the Rocky Flats Plant and Lawrence Livermore 
National Laboratory to characterize waste as radioactive or radioactive mixed and 
to determine whether it is low-level or transuranic.
For several waste streams, the primary technique used to characterize a 
waste as radioactive is known as process knowledge. Wastes are characterized
based on the generator’s (or other responsible person’s) knowledge of the process 
that generated the waste and the constituents likely to be in the waste stream. 
Process knowledge, however, is often conservatively applied to cover the 
possibility that a particular constituent may be present. Under this method, many 
wastes have been classified as low-level simply because they were generated
1 Currently, there is no authorization or approval for disposal of mixed low-level waste, although 
itis  expected that low-level mixed waste from DOE facilities will be accepted few disposal at NTS 
once NTS’s RCRA permit application is approved by the State of Nevada and authorization for 
disposal of mixed waste is given.
2 The EPA approved a conditional variance from the Land Disposal Restrictions for the WIPP Site 
which allows for the conditional disposal of transuranic mixed waste. This conditional variance 
is based on the demonstration of no migration of hazardous constituents from the disposal unit 
(55 FR 47700).
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within a radiation zone. A radiation zone is defined as a physical area where 
radioactive materials are handled and the access is controlled such that all 
personnel and equipment are monitored for radioactive contamination prior to 
leaving the zone. This practice of defining waste as low-level simply due to the 
location of its point of generation often leads to an over-classification of 
nonradioactive wastes as low-level. Actions taken by DOE and contractors to 
minimize the amount of this category of waste have included the reduction of the 
size of the radiation zones, optimization of processes, and modification of 
operations to decrease the amount of waste generated within these zones.
Radiation assaying is the process by which radiation detection 
instrumentation is used to measure particles and energies released from the 
electrons or nucleus of an atom as a result of either spontaneous or induced 
reactions. Radiation assaying has been predominantly used as a safeguards tool 
for the control and accountability of special nuclear material3 and to establish 
whether a package of radioactively-contaminated material contains a concentration 
of special nuclear material at a sufficient concentration, in a given matrix, to make 
recovery of the material for further use economically feasible. The level at which 
recovery becomes infeasible has been termed the economic discard limit, and
3 "Special nuclear material" is defined in part as plutonium, uranium 233, and uranium enriched in 
the isotope 233 or in the isotope 235. For a complete definition, refer to 10 CFR 70.4, 
"Definitions".
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radioactively-contaminated materials below this limit are designated as waste. 
Radiation assaying is also used to establish whether a waste is transuranic (i.e., 
containing a transuranic nuclide concentration greater that 100 nanocuries4 per 
gram [nCi/g]), or low-level (i.e., containing a transuranic nuclide concentration 
less than or equal to 100 nCi/g). Transuranics are defined as those radionuclides 
with an atomic number greater than uranium. As discussed previously, this 
evaluation is necessary to determine whether a waste will be disposed at WIPP or 
at NTS. Aside from these practices described for DOE facilities, the use of 
radiation assaying techniques to determine the actual radioactive waste 
concentration near the lower limit of detection have been minimal.
Gross alpha, gross beta, and specific radioisotopic analysis determinations 
are also used to characterize waste. These analyses can be conducted for several 
types of waste for which representative samples can be taken; liquid and 
homogeneous solid waste streams from non-varying processes are the most likely 
candidates. Of the methods discussed, this technique normally produces the most 
accurate results but can involve the greatest effort and expense.
Current DOE regulations do not specify limits beneath which a waste 
would not be considered radioactive, and the process used to establish whether a
4 A listing of conversion factors for radiological units and prefixes is presented in the appendix.
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waste is radioactive can be technically and politically difficult. As an example, at 
one DOE facility, waste oils from motor vehicles engines and crank cases were 
analyzed for radioactivity as part of normal procedures prior to off-site shipment 
(Baker, 1991). Elevated levels of gross alpha were determined to be present. The 
initial thought was the possibility of contamination from radionuclides such as Pu- 
239 and U-238. Upon subsequent evaluation, by review of activities that result in 
the generation of this waste, it was determined that contamination should not have 
occurred. It was instead postulated that the observed levels were likely due to the 
natural presence of radiation in the environment and from radioactive fall-out due 
to atmospheric testing of nuclear weapons. These containers of waste oil could 
not be properly disposed for several years because there was no clear way to 
resolve this issue. The final resolution was to measure the gross alpha levels of 
new incoming oil and statistically compare these levels to those of the waste oil. 
The levels of radioactivity in the waste oil were determined to be statistically 
equivalent to those measured for the new oil, and the waste oil was classified as 
non-radioactive. Nonetheless, concern remains over the liabilities of the facility 
and personnel working at the facility should such waste materials (that are now 
determined to be non-radioactive) be determined in the future to be radioactive.
Almost all material contains some measurable level of radioactivity, 
whether naturally occurring or due to human intervention. Current laboratory
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technologies allow for the detection of radionuclides to extremely low levels, and 
the ability to establish diminimus or BRC levels, as the above situation 
demonstrates, has become an urgent problem. As a result, adequate 
characterization becomes all the more important. This type of situation is 
common at many DOE facilities and, since there is no formal system for 
addressing this type of problem, resolution is often handled inconsistently and 
without formal documentation.
The effort by the DOE to fully address low-level waste from a regulatory 
perspective has been challenging. Policies, requirements, and guidelines 
established by the DOE for low-level waste characterization are presented in DOE 
Order 5820.2A, Radioactive Waste Management (DOE, 1988b). The principal 
low-level waste characterization statement in the Order is as follows:
Low-level waste shall be characterized with sufficient accuracy to 
permit proper segregation, treatment, storage, and disposal. This 
characterization shall ensure that, upon generation and after 
processing, the actual physical and chemical characteristics and 
major radionuclide content are recorded and known during all stages 
of the waste management process.
The ability to regulate low-level waste generators hinges critically on the 
ability to properly define a low-level waste and, in addition to the definition not
ARTHUR LAKES LIBRARY 
COLORADO SCHOOL OF MINES 
GOLDEN, CO 80401
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incorporating a diminimus or BRC level, the definition of a low-level waste used 
by the DOE tends to define what is not low-level rather than what is. The 
following definition is that currently used by the DOE and has also been extracted 
from DOE Order 5820.2A:
Low-Level Waste - Waste that contains radioactivity and is not 
classified as high-level waste, transuranic waste, or spent nuclear 
fuel or lle(2) byproduct as defined by this Order.
Since the NTS low-level waste disposal facility uses essentially the same 
approach in defining low-level waste, with some modification to the actual 
definition, the DOE low-level waste generators are under minimal regulatory 
pressure to conduct characterization studies in any greater detail than currently is 
being done. The definition used by NTS and presented in NVO-325, Nevada Test 
Site, Defense Waste Acceptance Criteria, Certification, and Transfer Requirements 
(DOE, 1988a) is as follows:
Low-Level Waste (LLW) - All radioactive waste not classified as 
high-level waste, spent nuclear fuel, transuranic waste, uranium mill 
tailings, or mixed waste.
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As previously mentioned, since virtually all waste will likely contain a measurable 
level of radioactivity, minimal characterization effort is required to demonstrate 
that a waste is low-level, if the basis is solely the strict interpretation of these 
definitions.
Methods for determining the concentration of radionuclides are not 
specified to any level of detail in DOE regulations or orders. DOE Order 
5820.2A, which is the governing document for radioactive waste management at 
DOE facilities, states that the concentration of radionuclides can be determined by 
direct or indirect methods and allows the use of scaling factors which relate the 
concentration of one radionuclide to the measured concentration of another. 
Scaling factors can be used to produce accurate and precise characterization 
provided that there is sufficient knowledge of the processes. NVO-325 does not 
require specific methods to be used for determining the concentration of 
radionuclides and allows sampling and analysis as well as process knowledge to 
be used to characterize waste. Additionally, NVO-325 allows the ranges of 
constituents of concern to be determined and documented when the waste cannot 
or will not be sampled and analyzed.
Consequently, the establishment of diminimus or BRC limits would require 
that current practices and policies, including current definitions, be modified 
substantially. This applies to DOE facilities in general and could impact NTS
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significantly by requiring the institution of many more restrictions regarding waste 
characterization. As an example, waste that has been commonly characterized as 
low-level due simply to its potential for contamination with radionuclides may be 
required to be measured in order to determine whether the radionuclides in the 
waste are considered to be above or below diminimus or BRC levels.
Current directions in waste management indicate a need to characterize 
low-level waste in greater detail and with greater accuracy and precision as to the 
radionuclides and concentrations of these radionuclides. The EPA’s Office of 
Radiation Programs is responsible for radiation activities including the 
development of radiation protection criteria, standards, and policies (EPA, 1989) 
and is planning to propose low-level waste standards that will be applicable to 
DOE facilities and will define the disposal and BRC criteria (Executive 
Enterprises, Inc., 1990). These standards are likely to affect current practices at 
DOE facilities by requiring a greater emphasis on the determination of specific 
concentrations of radioactivity.
DOE Order 5820.2A requires that low-level waste generators establish 
goals, incentives, and procedures to assure that the amount of low-level waste 
generated and/or shipped off site for disposal is minimized. This requirement, in 
effect, sets the stage for generators to evaluate whether waste generated and 
classified as low-level is actually low-level in order to establish compliance with
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DOE Order 5820.2A. Interestingly enough, the DOE’s own internal requirements 
(rather than current EPA or DOT regulations) are the primary impetus for 
additional characterization of radionuclides in radioactive waste.
Lastly, from an economical standpoint, the typical cost for disposal of 
radioactive waste at a DOE radioactive waste site for 1991 is estimated to be $10 
per cubic foot (Sorg, 1990) whereas the typical cost of disposal of non-radioactive 
solid waste is approximately $0.33 per cubic foot (Browning-Ferris Industries, 
1991).
2.2 The Department of Transportation
Radioactive materials or wastes that are to be shipped off site from DOE 
facilities are required to be in accordance with DOT regulations as designated in 
Title 49, Part 173, Subpart I, of the Code of Federal Regulations (DOT, 1988). 
The DOT definition of radioactive material is as follows:
...any material having a specific activity greater than 0.002 
microcuries per gram (pCi/g).
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This definition establishes a diminimus level for determining whether a 
material to be transported is radioactive. It may appear that this definition would 
offer a simple solution to the DOE in defining a diminimus level, but there is a 
substantial difference in the goals of the two regulatory bodies. DOT regulates 
waste during the course of transportation, whereas the DOE must ensure that the 
limits established are adequate to protect human health and the environment 
during the generation, handling, transportation, and long-term disposal of 
radioactive waste. Thus, the DOT has a relatively significant level of control over 
the radioactive content of a finite waste package during this short transportation 
interval. These controls include packaging design requirements that ensure that 
each package is of adequate structural integrity for the transportation of specified 
limited quantities of radioactive materials as designated in 40 CFR 173, Subparts 
A and B.
Provided that the radioactive wastes are below the applicable activity limit 
for each waste container and shipment, radioactive waste transporters can ship any 
number of containers of waste off site. In addition, transporters are not under any 
DOT regulatory requirement to minimize the volume of radioactive waste or 
number of shipments. Thus, accuracy and precision in determining the 
concentration or activity of extremely low-level waste is not necessary, and in 
fact, to ensure additional safety during transportation, the transporter may take a
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conservative approach and assign maximum possible concentrations or total 
activities to each waste container. These maximum values are designated on the 
shipping documents and ensure that the actual activity limits of the waste shipped 
are below the designated values. This issue clarifies why accurate and precise 
characterization would not be as important for radioactive waste transportation as 
it may become for disposal.
As an example, at the Rocky Flats Plant, wastes are often assayed using a 
gamma radiation detector to determine whether the transuranic radionuclides in a 
waste exceed the limit for classification as a transuranic waste (i.e., transuranic 
nuclide concentration greater than 100 nCi/g). If the transuranic radionuclides in 
the waste are determined to be below the limit, the waste is classified as low- 
level. The assay instrumentation is calibrated to also determine the level of 
activity in curies for a specified waste package and is set at a detection limit of 
0.01 Ci for plutonium-contaminated waste. Consequently, for waste packages 
with a level of radioactivity below 0.01 Ci, the value reported is "< 0.01 Ci" and 
subsequent handling and transportation conservatively assumes that the actual 
activity is near the 0.01 Ci level. It is assumed that the increased safety that 
results from over-characterization takes precedence over the need for waste 
minimization and negates the need for any more accurate or precise 
characterization. For the purpose of compliance with DOT regulations, further
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investigation to accurately and precisely determine the actual lower level of 
radioactivity is unfounded. The drawback to this method of characterization is 
that this approach is in conflict with the requirements for waste minimization and 
disposal specified in DOE Order 5820.2A and, quite too often, these values are 
biased.
2.3 The Environmental Protection Agency
To compound the issue, EPA’s Office of Radiation Protection is planning 
on proposing a pre-disposal exposure limit of 25 millirem per year for low-level 
waste (Executive Enterprises, Inc., 1990). The standard is intended to limit the 
annual effective whole-body exposure from all environmental pathways to any 
member of the public. This approach is the same as that used by the NRC 
(discussed in Section 2.4). Since the amount of radiation exposure is directly 
related to the radionuclides present, it would seem logical that an accurate and 
precise characterization methodology is necessary. If such a methodology existed, 
it could in fact be used to demonstrate that these wastes are not radioactive and 
hence would avoid the need to demonstrate compliance with the low-level waste 
pre-disposal limit. In addition, considering that environmental pathway analyses
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could be performed using data from accurate and precise characterization, rather 
than from a worst-case scenario for a worst-case or conservatively assigned 
concentration of radionuclides, reasonable decisions could be made regarding the 
level of protection imposed at radioactive waste disposal facilities.
The EPA, through establishment of hazardous waste regulations, has well- 
developed methods for characterizing a waste (based on its chemical properties) 
for the purpose of determining whether the waste meets the regulatory definition 
of a hazardous waste (EPA, 1990). The methodology involves a combination of 
defining the processes generating the waste, testing the waste for characteristic 
properties, and determining concentrations of specific chemicals. The resulting 
data from chemical concentration determinations are then compared to the 
regulatory threshold limit by use of the Student’s t statistic. In some situations, 
the problems that have occurred in the general industry from an effort to comply 
with these regulations may provide some insight to waste generators to the special 
considerations that must be given to development of an effective radioactive waste 
characterization methodology. These problems have included the inadequate 
consideration and determination of the appropriate number of samples required for 
collection and the specific constituents to be analyzed. In the past, these basic 
considerations have been overlooked and have required that resampling and 
reanalysis be conducted. This effort always requires additional time and almost
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always requires additional money. In addition, quality control is important 
throughout the characterization process to ensure that data ultimately used to 
support the classification of a waste stream are able to withstand the test of 
regulatory and technical challenge.
2.4 The Nuclear Regulatory Commission
The NRC regulations pertaining to the land disposal and characterization of 
radioactive waste are defined in Title 10, Part 61, of the Code of Federal 
Regulations (NRC, 1989). The requirements specify the technical analyses of 
pathways to demonstrate protection of the general population from the release of 
radioactive material, analyses of the protection of individuals from inadvertent 
intrusion, analyses of the protection of individuals during operation, and analyses 
of the long-term stability of the disposal site. Pathway analyses must include air, 
soil, groundwater, surface water, plant uptake, and exhumation by burrowing 
animals. This analysis must clearly demonstrate that the exposure to humans 
from the release of radioactivity does not result in an annual dose equivalent 
exceeding the following performance objectives for any member of the public: 25 
millirems to the whole body, 75 millirems to the thyroid, and 25 millirems to any
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other organ. These requirements explicitly demonstrate the need to achieve as 
accurate and precise a characterization of the radionuclides and concentrations of 
these radionuclides as possible.
2.5 Summary of Regulatory Background
In summary, the regulations affecting the generation, handling, and 
disposal of radioactive and radioactive mixed waste are complex due in part to the 
interrelationship of the DOE, DOT, EPA, and NRC. Even though the current 
regulations appear somewhat easy to comply with, there are other factors driving 
the need for a better methodology for low-level waste characterization. Of the 
many factors, one critical factor is a general need to minimize the amounts of 
radioactive waste generated and this is often backed by ensuring that over­
classification of waste does not occur. In addition, from an economical 
standpoint, it is logical to minimize the amounts of radioactive waste disposed.
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Chapter 3
PREVIOUS WASTE CHARACTERIZATION EFFORTS
Data presented in this section are from previous activities that have been 
conducted in an attempt to characterize waste. These wastes have been, are 
currently being, or may be generated at the Rocky Flats Plant, Lawrence 
Livermore National Laboratory, and Idaho National Engineering Laboratory. All 
data from sampling and analysis presented in this section were provided by the 
referenced sources and no actual sampling or analysis was conducted specifically 
for this study, although this information is used to support the methodology 
presented in Chapter 4.
3.1 Waste Characterization Activities
Several approaches to characterizing waste at the Rocky Flats Plant, the 
Lawrence Livermore National Laboratory, and the Idaho National Engineering 
Laboratory have been undertaken over the past years. Of these three facilities, the 
most extensive effort has been conducted at the Rocky Flats Plant.
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From 1985 to 1987, nearly all operations at the Rocky Flats Plant were 
evaluated and waste streams associated with these operations were characterized 
(DOE, 1987). The strategy involved a combined use of process knowledge to 
initially classify each waste stream and, if determined to be necessary, subsequent 
sampling and analysis of specific waste streams. This information has proved to 
be useful, unfortunately the information remained static while the processes 
changed and the information soon became outdated. From late 1989 through 
1990, a second attempt to characterize waste streams at the Rocky Flats Plant was 
conducted (EG&G, 1990a). The strategy resulted in waste characterization by the 
development of detailed process descriptions and process flow diagrams based 
mostly on knowledge of the processes.
These efforts are not completely adequate for use in characterizing low- 
level waste in containers since these wastes cannot always be linked back to, and 
the data cannot be directly correlated to, a specific waste stream. Often this is 
due to poor quality control or inadequate documentation. In addition, complete 
material balances were not performed in these efforts and it can be difficult to 
apply process knowledge without knowing the specific quantities of material 
originally input in the process. Thus, because of the limited applicability of the 
information obtained from these efforts, it is often necessary to evaluate waste
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from a different perspective. This different perspective is the basis for the 
methodology developed in Chapter 4.
As mentioned, characterization efforts at the Lawrence Livermore National 
Laboratory and the Idaho National Engineering Laboratory have also been 
undertaken at various levels. At the Lawrence Livermore National Laboratory, 
waste stream characterization is the responsibility of the generator (LLNL, 1989) 
and there has not been an attempt to perform a site-wide characterization effort 
such as those conducted at the Rocky Rats Plant. The Idaho National 
Engineering Laboratory is currently evaluating whether a site-wide 
characterization effort is beneficial. To date, most waste characterization has been 
performed at the generator level.
3.2 Waste Stream Descriptions
Many of the waste stream descriptions presented herein were previously 
developed as a result of an earlier attempt to characterize low-level and low-level 
mixed waste. The purpose of that characterization effort was to provide 
information for applications to dispose of low-level and low-level mixed waste at 
NTS (EG&G, 1990b, 1990c; LLNL, 1990).
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3.2.1 Rocky Flats Plant Waste Streams
At the Rocky Flats Plant, wastes that contain low concentrations of 
radionuclides are generated from within facilities where activities indirectly 
associated with plutonium operations are performed, from activities associated 
with uranium machining and fabrication, and from general support areas such as 
analytical laboratories and the medical facility. Excavation and site clean-up 
activities are other sources of low-level wastes. The principal radionuclides of 
concern at the Rocky Flats Plant are Am-241, Pu-239, U-235, and U-238.
Typical low-level waste streams generated at the Rocky Flats Plant are listed 
alphabetically in Table 1. A discussion of several of these waste streams follows. 
It is intended that this discussion provide a general description and understanding 
of waste generation at the Rocky Rats Plant rather than a lengthy description of 
all waste streams. Waste streams possessing significant or unique characteristics 
and waste streams used extensively in this study are generally described in greater 
detail.
Absorbed organic waste, for example, refers to spent scintillation fluids, 
consisting of organic chemicals such as toluene or xylene, that have been 
absorbed into hydrated calcium silicate (to remove the flammable and liquid 
properties of the fluid prior to disposal).
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Table 1
Typical Rocky Flats Plant Low-Level Waste Streams1 
Radioactive and Radioactive Mixed

















Electrochemical Milling Sludge 








1. From Rocky Flats Plant Application to Ship Waste to the Nevada Test Site, (EG&G, 1990b), Draft
Acid and cyanide wastes are aqueous in form and are generated when the 
acid and cyanide plating bath solutions used for chemical milling operations are 
replaced on the plating lines. These wastes are highly concentrated acids or 
cyanides and are not discharged to the plant wastewater collection system as are 
dilute rinsate solutions generated during routine chemical milling operations.
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Metals such as uranium and beryllium are commonly processed through these 
lines.
Beryllium dust waste is generated as a residual material from the formation 
of beryllium castings in an isostatic press using beryllium powder. The actual 
waste generated consists mostly of combustible materials contaminated with 
beryllium dust that are generated during press and room clean-up operations.
The beryllium dust waste stream has been classified as radioactive because it is 
generated within a radiation zone. The potential for uranium contamination is due 
to other operations that are conducted or were historically conducted in the area. 
The waste has no direct contact with uranium during any part of its generation.
Bypass sludge waste is generated as a result of treatment of plant-wide 
process wastewater, which is representative of low-level liquid waste discharges 
from plant-wide activities. The treatment consists of an evaporation, flocculation, 
precipitation, and clarification process. Upon separation from the liquid 
component, the precipitate is poured into a 55-gallon drum with equal proportions 
of cement and diatomaceous earth. Results from radiochemistry analysis 
conducted on the bypass sludge in 1989 are presented in Table 2. Although there 
is doubt that the level of significance (e.g., reported to 5 levels of significance for 
several values) presented in Table 2 was actually achieved, the data is presented 
here as originally reported. The mean radioactivity concentration values were
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Table 2
Bypass Sludge Radioactivity Concentrations1,2
Total
Ref No. AlDha Pu Am-241 U-235
36888 28.338 16.990 8.408 0.222
64697 37.050 22.493 19.140 0.322
53419 85.505 59.303 10.836 <1
64345 63.531 36.044 73.193 0.457
50016 28.400 23.939 5.043 <1
50686 56.004 56.507 10.189 <1
50025 22.794 17.140 6.061 <1
47973 58.051 28.769 25.281 0.230
08694 93 55 38 <1
64982 88.102 107.185 17.522 <1
46560 72.594 29.745 55.196 0.161
64940 84.798 59.197 10.572 <1
1. From Rocky Flats Plant Analytical Requisition form (Rockwell International Corporation, 1989).
2. All concentration values are in units of nCi/g.
calculated to be 59.85 nCi/g for total alpha, 42.69 nCi/g for Pu, 23.32 nCi/g for 
Am-241, and 0.699 nCi/g for U-235.
Other sludge waste streams include cutoff sludge, electrochemical milling 
sludge, and sewer sludge and are produced through similar dewatering processes. 
The incoming waste streams used to produce sewer sludge waste are not 
suspected to have any known radionuclides. Results from the radiochemistry
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analysis of sewer sludge conducted in 1990 are presented in Table 3. The mean 
radioactivity concentration values (per gram of dry sludge) were calculated to be 
39.78 pCi/g for gross alpha, 1.46 pCi/g for Pu (Pu-239,Pu-240), 0.77 pCi/g for 
Am-241, and 13.5 pCi/g for U-235. As can be seen, the radioactivity 
concentration levels for sewer sludge are lower than those for bypass sludge by a 
multiple of 1000.
Fluidized Bed Incinerator (FBI) oils, which at one time were planned to be 
treated in a fluidized bed incinerator, are currently stored in two 10,000-gallon 
capacity tanks (T-102 and T-103) and consist of waste oil, coolant, and solvents 
generated from machining and solvent degreasing operations that have come in 
contact with radioactive materials.
Combustible waste is generated plant-wide from essentially every process. 
This waste stream consists mostly of wipes, rags, and disposable clothing and is, 
by far, one of the most diversified waste streams. Combustible wastes can be 
classified as radioactive either because the combustible material comes into direct 
contact with radioactive materials or simply because the potential exists for 
contamination due to the wastes being generated from within a radiation zone.
Other wastes that can be classified as radioactive waste due to being 
generated from within a radiation zone include excavation debris, fluorescent 
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radioactive mixed waste, which is an even more difficult disposal issue at present. 
Still, many are arbitrarily classified as radioactive even though a simple method 
exists to determine whether radioactive contamination has occurred. The method, 
which would entail the use of absorbent wipes to smear the surface of the 
fluorescent light tube, is not used because of concern for personnel safety. The 
tubes are fairly fragile and, if broken, could potentially expose personnel 
performing this operation to hazards such as broken glass and mercury vapors.
Contaminated dirt becomes a waste stream as a result of excavations, 
construction activities, and soil remediation and soil clean-up efforts. In many 
cases, the waste contains extremely low concentrations of radionuclides with 
activity levels in the range of picocuries per gram (Rockwell International 
Corporation, 1988). Measured plutonium concentrations in Rocky Flats soil 
samples at one mile from the plant center ranged from 0.02 ± 0.01 pCi/g to 10.6 
± 0.98 pCi/g with a mean value of 1.25 pCi/g. Although several sites with 
documented radioactive contamination have been cleaned up, and others have 
been identified, most of this waste is only suspected to contain radionuclides.
Metal wastes (i.e., composite chips, metal chips, and light and heavy 
metals) are generated as a result of machining operations and from the disposal of 
miscellaneous metal parts. Composite chip waste consists of cemented pyrophoric 
metal chips generated from machining operations. Metal chip waste consists of
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cuttings or chips from machining operations using metals such as stainless steel 
and vanadium. The same machining tools are used for both radioactive metals 
(i.e., uranium, uranium composites, etc.) and nonradioactive metals and, 
consequently, most metal chip waste is assumed to be radiologically 
contaminated. Light metals waste consists of iron, copper, and stainless steel used 
as processing piping, conduit, and in construction projects. Heavy metal waste 
consists of metals such as tantalum, tungsten, and platinum. Lead waste, which is 
distinguished from heavy metal waste because of its large volume, consists of lead 
sheets and bricks which have been classified as radioactive due to surface 
contamination.
3.2.2 Lawrence Livermore National Laboratory Waste Streams
Low-level radioactive wastes at Lawrence Livermore National Laboratory 
are generated primarily as a result of research activities and tend to be highly 
variant in radionuclide constituents. Low-level radioactive wastes are also 
generated as a result of excavation, decontamination, and decommissioning 
activities. The radionuclides potentially present in waste generated at Lawrence 
Livermore National Laboratory can be virtually any of those found in the Chart of
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Nuclides (General Electric, 1977). The predominant radionuclides present are 
Am-241, Pu-239, U-235, U-238, mixed fission products, and tritium. Several 
waste streams generated at Lawrence Livermore National Laboratory are listed in 
Table 4.
Table 4







Marshall Island Sample Debris
Shot Table Debris
Soil
Construction debris results from demolition activities and consists of wood, 
sheet rock, concrete, metal, flooring, fixtures, asphalt, and other construction- 
related materials. The waste, for the most part, is potentially contaminated with 
radionuclides such as plutonium, uranium, tritium, and mixed fission products.
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Although most waste that is classified as radioactive from demolition activities is 
only suspected to contain radioactive contamination, some demolition activities 
are conducted in areas with known contamination.
Compactible wastes generated at Lawrence Livermore National Laboratory 
are similar in almost all respects (i.e., method of generation, variability, etc.) to 
the combustible wastes generated at the Rocky Rats Plant. In fact, the Lawrence 
Livermore National Laboratory wastes tend to have an even higher degree of 
variability due to the high diversification of laboratory experiments being 
conducted. Compactible wastes are generated as a result of general activities 
performed in the laboratory which entail the use and contamination of materials 
such as rags, wipes, gloves, and disposable clothing. Waste accepted at the on­
site waste management facility from all areas of Lawrence Livermore National 
Laboratory are inspected, and non-compactible items are removed. The 
compactible waste is then compacted in a compactor/bailer process and packaged. 
Labware, which consists primarily of glass (i.e., beakers, pipets) is generally 
produced in the same manner as compactible waste and is processed 
simultaneously.
Equipment is a category of waste that is generally surface contaminated 
and consists of items such as motors, pumps, and gloveboxes. For most of this 
waste, the cost to decontaminate the equipment and the amount of waste that
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would be generated from decontamination outweigh the cost of replacement, and 
hence the equipment is discarded.
Metal waste generated at Lawrence Livermore National Laboratory is 
similar to metal waste generated at the Rocky Flats Plant. This waste stream is « 
made up of metal chips generated from machining operations, miscellaneous scrap 
metal, and non-compactible wastes removed during inspection of the wastes 
received at the waste management facility for compaction.
Marshall Island sample debris is generated as a result of experimentation 
on samples taken from the Marshall Islands. The waste may consist of soils, 
vegetation, and fish and animal residues. The radionuclides present include Cs- 
137, Sr-90, Pu-239, Am-241, and Am-243.
Contaminated soils can be generated anywhere at Lawrence Livermore 
National Laboratory and can be either potentially contaminated or known to be 
contaminated with radionuclides. This waste is generated from excavation and 
construction-related activities. Like the soils at the Rocky Rats Plant, most of 
these soils contain extremely low concentrations of radionuclides with activity 
levels in the range of a few picocuries per gram. The principal radionuclides of 
concern are plutonium, uranium, tritium, and mixed fission products.
Shot table debris is generated as a result of detonation of high-explosives 
test assemblies at Lawrence Livermore National Laboratory’s Site 300. The
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debris consists of gravel containing fragments of wood, metal, plastic, and glass. 
The only suspected radioactive contaminant is depleted uranium, which is used on 
occasion for testing purposes in addition to other metals such as stainless steel, 
vanadium, and copper. Results from radiochemistry analysis for routine samples 
analyzed in November and December of 1987 and in January of 1988 are 
presented in Table 5. The mean alpha activity concentration for these samples is 
0.34 nCi/g and the mean beta activity concentration is 0.58 nCi/g.
3.2.3 Idaho National Engineering Laboratory Waste Streams
Waste streams generated at Idaho National Engineering Laboratory are 
comparable to those generated at the Rocky Rats Plant and Lawrence Livermore 
National Laboratory. Of particular interest at Idaho National Engineering 
Laboratory is an imminent and potentially large-volume waste stream. The Idaho 
National Engineering Laboratory is in the process of conducting several large- 
scale decontamination and decommissioning activities associated with RCRA 
(Resource Conservation and Recovery Act) closures of tanks, storage areas, and 
treatment areas. The waste stream to be generated is termed "D&D Waste” and 
has two components: liquid and solid. The liquid component is primarily
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1. From Lawrence Livermore National Laboratory Counting Laboratory (LLNL, 1987; LLNL, 1988).
2. All concentration values are in units of nCi/g.
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decontamination solution that may contain varying levels of radioactive and 
chemical contamination. The solid component is primarily wipes, rags and 
personnel protective clothing contaminated during the decontamination activities.
3.3 General Waste Characterization Considerations
The initial classification of a waste stream as a radioactive waste type (i.e., 
nonradioactive, low-level, transuranic, high-level) is usually based on explicit 
assumptions about the process generating the waste. The assumptions regarding 
the radioactive waste-type classification are based on knowledge about the input 
streams for a process; if these input streams are known to contain specified 
concentrations of radionuclides, the wastes derived from this process are known to 
contain radionuclide concentrations no greater than those of the original input 
streams.
. Radioactive wastes that contain low concentrations of radionuclides are 
particularly difficult to characterize due to several technical factors associated with 
their generation. In many cases, these wastes have been generated secondarily to 
higher activity waste as a result of incidental contact. Radioactive wastes that 
contain low concentrations of radionuclides are also often generated from general
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support activities. In other cases, these wastes are generated from non-routine 
operations or as a result of spills and spill clean-up and, consequently, tend to be 
highly variable; the precise radionuclides present are known with less certainty.
At the Rocky Flats Plant, wastes that are generated directly from plutonium 
processing lines are classified as transuranic waste provided that through 
subsequent verification, for the purpose of nuclear materials safeguards, they are 
determined to be below the economic discard limit. Wastes that are generated 
from plutonium processing activities not directly associated with the plutonium 
processing lines are classified as low-level waste. Again, subsequent verification 
for the purpose of nuclear materials safeguards is conducted. Most other wastes 
that are classified as low-level are contaminated with radionuclides such as U-238. 
Of these wastes, many have been classified as low-level based simply on 
conservative health and safety considerations. It is these waste streams that tend 
to be the most difficult to characterize because contamination occurs mostly as a 
result of irregular or infrequent events resulting in varying levels of 
contamination. In addition, these waste are often placed into waste containers 
with many other wastes from within a designated area (i.e., radiation zone, 
operations area, etc.) which are not necessarily contaminated.
Wastes generated at Lawrence Livermore National Laboratory from 
laboratory experiments and classified as low-level are, for the most part,
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characterized based on process knowledge. Radioactive Disposal Requisition 
forms are used to identify the maximum concentration of radionuclides present in 
a waste package. In many of these cases, the level of radioactivity is suspected to 
be extremely low or non-existent but, due to Lawrence Livermore National 
Laboratory policy and safety considerations, the waste is identified as radioactive. 
Waste streams that are amenable to representative sampling are normally 
characterized by conventional sampling techniques.
At the Idaho National Engineering Laboratory, many facilities that are 
contaminated or potentially contaminated with radionuclides as well as being 
regulated by RCRA are scheduled for decontamination and closure. 
Decontamination to very low levels of radioactivity, below any acceptable 
standard, may result in the simultaneous generation of waste containing very low 
levels of radionuclides and characterization of the waste generated (solid and 
liquid) will be necessary.
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Chapter 4
PROPOSED WASTE CHARACTERIZATION METHODOLOGY
The characterization of radioactive waste involves: (1) an understanding of 
the processes, operations, and general physical, chemical, and radiological 
properties associated with the waste generated; (2) the use of a method to analyze, 
directly or indirectly, for the presence and concentration of radionuclides; and (3) 
the placement of such waste into a group or class. This study develops a 
methodology that implements such an approach for characterizing the radioactive 
constituents of radioactive and radioactive mixed wastes containing low 
concentrations of radionuclides.
The characterization methodology presented herein employs conventional 
techniques for sampling, laboratory analysis, and interpretation of results, 
whenever possible. This methodology centers on radioactive waste 
characterization for low-level waste and the emphasis is on those waste streams 
that require characterization using less conventional approaches as well as waste 
streams that have yet to be accurately and precisely characterized. As will be 
seen, several waste streams can be characterized using basic methods of sampling, 
analysis, and data interpretation. It is essential that the methodology also 
encompass these wastes because the characterization of more complex waste
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streams is sometimes associated with assumptions about simpler waste streams. 
This is especially true for wastes that are of the same form or have been 
generated within the same facility.
4.1 Waste Form Categories
For the purpose of this study, the waste streams described in Chapter 3 
have been placed into waste form categories based on their physical form and 
nature of generation. The purpose of categorizing the waste streams by waste 
form is to streamline the amount of information that would be required to present 
a methodology for each waste stream. Factors such as homogeneity and the 
ability to sample are also significant to this categorization. The methodology is 
discussed by waste category, and subcategory for solids, and is presented in Table 





Waste Form Category Waste Stream Types
Liquids
Acid, Cyanide, FBI Oils 
Paints, Decontamination and 
Decommissioning (D&D) Liquids
Sludges





Contaminated Dirt/Soil, Composite Chips,
FBI Ash, Fluorescent Lights, Metal Chips, 





Oil Dry, D&D Solids
- Inorganic
Contaminated Dirt/Soil, Construction Debris, 
Insulation, Labware, Metals (Heavy and Light) 
Marshall Island Sample Debris, D&D Solids
Surface-Contaminated
Lead, Equipment, Sheet metal
ARTHUR LAKES LIBRARY 
COLORADO SCHOOL OF MINES 
GOLDEN, CO 80 40 1  . . . . .
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4.2 Waste Characterization Principles
The fundamental principles of radioactive waste characterization are:
The development of a radioactive waste characterization 
methodology requires a thorough understanding of the processes 
generating the wastes, without which, the ability to accurately and 
precisely characterize a waste is impacted significantly;
It is important to recognize the difference between radioactive 
wastes that are potentially contaminated due to indirect causes and 
wastes that are derived from processes which use input streams that 
contain radioactive materials; and
The approach used for radioactive waste characterization must 
consider inhibiting factors associated with radioactive wastes 
containing low concentrations of radionuclides, such as the ability to 
measure low levels of radiation and knowledge of specific 
radionuclides present.
These factors are not always significant when characterizing non-varying waste or 
waste containing high levels of radionuclides generated from routine operations, 
but should nonetheless be considered.
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4.3 Development of Waste Characterization Methodology
Although, it is not the intention of this study to develop a diminimus or 
BRC limit, a regulatory threshold (RT)5 parameter for use with radioactivity and 
radionuclides is introduced. This parameter serves as the baseline justification for 
the assessment of concentrations of radionuclides, and it could be applicable 
towards evaluation of a diminimus or BRC limit. Regardless of this capability, 
the methodology presented is functional for radioactive waste characterization 
independent of any specified threshold limits.
On the other hand, if it is assumed that threshold limits exist for 
radioactive waste classification, analysis using essentially the same approach as 
that used by the EPA to determine whether or not a waste is hazardous, based on 
the concentration of the hazardous constituents, can be applied (EPA, 1986). For 
such an assumption and based on a normal distribution or large sample size (e.g., 
> 30), the following confidence interval can be established:
Cl = xA ± t ^ ,  (1)
5 "Regulatory threshold" as it pertains to low-level waste characterization is defined as a level 
established by a regulating agency that cannot be equaled or exceeded for a waste to be classified 
within a designated category, where the upper limit of this category is equal to the RT.
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where xA is the mean sample activity concentration measurement, ta is the 
Student’s t statistic at a level of significance, a , and sx is the standard error of the 
mean. Assuming that this analysis is used for comparison to an RT limit for 
gross alpha, gross beta, total X-rays and gamma rays, or a specific radionuclide, a 
waste would be in excess of the RT limit when the upper bound of the confidence 
interval is greater than this limit such that:
Clipper Limit = + t^S* > RT. (2)
As a point worth mentioning, the RTs established would likely include 
limits for maximum gross alpha, gross beta, and X and gamma radiation, and in 
addition, each radionuclide could conceivably have an RT concentration limit to 
account for the specific energies of radionuclide decay products. RT limits could 
also be specific for particular waste forms or processes associated with the 
generation of the specific radioactive waste. However, since RT limits have not 
been established for low-level waste, the actual applicability is somewhat 
subjective at this point in time.
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Analysis of radionuclides can be conducted conventionally by chemical and 
isotopic separation, counting of decay products, radionuclide spectrometry6 of 
decay products, or by a combination of these techniques. Alpha, X, and gamma 
radiation activity concentrations can be determined effectively using spectrometry. 
Alpha particles have a definite range dependent on the absorbing material and 
initial energy, and the specific ionization is characteristic along a Bragg7 curve.
X and gamma radiation emitters release a range of photons with characteristic 
energies and decay probabilities. Beta particles interact erratically, making it 
difficult to differentiate between specific radionuclides. Because of this, 
radionuclide concentration determinations for beta emitters normally require 
chemical and/or isotopic separation prior to counting when several beta emitters 
are involved.
Radiation counting and its effectiveness relies the use of calibration 
standards with energies equivalent to those to be measured. Factors affecting the 
counting efficiency for alpha and beta particles are: geometry, backscatter, and 
self-absorption. The amount of self-absorption is dependent on the sample and
6 Spectrometry of radionuclides is conducted by measuring the energies of decay products (either 
particles or photons) and determining the originating radionuclide based on the often unique or 
characteristic properties of the decay products.
7 The Bragg Curve represents a measurement of the specific ionization of an alpha particle along a 
distance traveled. The energy loss increases continuously to a maximum and then rapidly drops 
to zero.
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must be established. This step requires the generation of calibration curves using 
samples of varied weight with known activity concentrations (EPA, 1979). 
Geometry and backscatter are properties of the detector configuration. For all 
cases, a lower minimum detectable concentration can be achieved for systems 
with high counting efficiencies, large sample sizes, and a low standard deviation 
for the background radiation. Thus, if these factors can be adjusted or modified 
so as to produce maximum benefit, the lower concentrations of radionuclides can 
be measured with greater accuracy and precision.
Container counting relies on the same principles as does radiation counting 
of small discrete samples. For X and gamma radiation, geometry is the most 
significant factor affecting the counting efficiency. For larger geometries such as 
55-gallon drums, as the sample material increases in density and as the atomic 
numbers of the elements composing the materials increase, the detection 
efficiency decreases. Calibration of gamma detectors to be used for waste 
container configurations can be conducted by counting a standard with known 
radionuclide concentrations for a given geometry. Specifically, for X and gamma 
radiation detection, a lower minimum detectable concentration can be achieved for 
detection of radionuclides with X and gamma ray decays of high energies, high 
levels of radioactivity, and for a long length of count time. The minimum 
detectable concentration is impacted by increased branching ratios of decaying X
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and gamma rays, number of radionuclides, and overlapping of gamma energies 
from different radionuclides.
4.3.1 Liquids
Liquid radioactive wastes must be solidified prior to transportation and for 
disposal at NTS as designated in the NTS waste acceptance criteria (DOE,
1988a). In many instances, it is easiest to sample a liquid waste stream prior to 
solidification or during the solidification process and then calculate the final 
concentration in the solidified waste form. Provided that the volume and mass of 
waste produced per unit volume of liquid waste consumed is carefully tracked, the 
conversion from activity per unit volume (for a liquid), to activity per unit weight 
(for a solidified waste) can be accomplished.
Liquid wastes can normally be sampled representatively using conventional 
means such as a coliwasa or sampling tube. The major consideration associated 
with sampling liquid wastes is the potential for stratification. Provided that a 
representative unit sample can be obtained, laboratory analysis can also be 
conducted using conventional means. At most facilities, there are few problems
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associated with the sampling and analysis of liquid samples. The problems tend 
to arise with the interpretation of the results.
As previously mentioned, waste oils at the Rocky Flats Plant, generated 
from the replacement of oil in vehicle engines and machinery crank cases, were 
sampled and analyzed in 1989 as part of a routine procedure to determine the 
level of radioactivity prior to off-site shipment. Although, there is no reason to 
believe that these oils were subject to contamination, the results indicated the 
presence of alpha activity. From a liability standpoint, DOE could not allow the 
oils to be shipped off site, except as radioactive waste. In final resolution, 
samples were taken from a large number of drums of new oil coming on plant- 
site, and these were analyzed to determine the total alpha activity concentration. 
From these results a 95% confidence interval was established and the total alpha 
activity concentration mean value was calculated to be 0.08 pCi/g (Baker, 1991). 
Waste oils drums that are determined to have an alpha activity concentration 
within two standard deviations of the mean value are allowed to be shipped off 
site to a nonradioactive treatment facility. All other wastes are currently handled 
as low-level radioactive waste. This resolution has essentially established the 
background level for vehicle engine and machinery crankcase waste oil generated 
to be 0.08 pCi/g. This method can be a valuable approach for other waste that is
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of the same general form as the original product, and for waste that was not 
suspected to be contaminated.
For FBI oil waste, the results of analysis on two samples taken from Tank 
T-102 (EG&G, 1990d) are presented in Table 7. Radiochemistry analysis was 
conducted by ashing 10 g samples to determine gross alpha, gross beta, and 
uranium and plutonium isotopic concentrations. The minimum detectable 
concentrations for alpha and beta were determined to be 0.4 pCi/g and 0.9 pCi/g, 
respectively. For most organic-based liquid samples that can be ashed, aliquots 
can be prepared and analyzed based on the establishment of a single minimum 
detectable concentration. This is possible since the minimum detectable 
concentration is based on physical size of the sample and standard deviation of 
the background, and these factors can be assumed to be independent for any given 
number of aliquots taken from the same sample. The counting efficiency for the 
measurement of the same nuclides as were measured for this study, assuming the 
sample matrix to be similar (e.g., ash), would be essentially the same since the 
backscatter factor would be constant and the factors that affect the counting 
efficiency are independent of the sample.
As a point of reference, the DOT defines radioactivity as any material 
having a specific activity greater than 0.002 pCi/g. The specific activity is 
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samples of FBI oil are reported in Table 8. The specific activity could be 
compared by summation of the gross alpha and gross beta or by summation of the 
individual radionuclides. In doing so, the sum of the gross alpha and gross beta 
equals 34 pCi/g and the sum of the individual radionuclides equals 19.51 pCi/g. 
The difference can be accounted for based on the better counting efficiency for 
the gross determinations and due to the omittance of other radionuclides that are 
probably present and unaccounted for when summing individual radionuclides.
The statistical analysis is based on the assumption that each of the five aliquots 
for the two samples represents a unique data point. Thus, the total number of 
independent data points used is ten.
Table 8


















Aqueous waste samples can be treated in much the same way and with 
similar expectations for the minimal detectable concentration limit. The limit, 
again will be influenced most by the self-absorption factor of the prepared sample 
residue. The counting efficiency will be correspondingly affected since the more 
self-absorption that occurs, the lower the efficiency will be and with greater bias.
4.3.2 Sludge
As with liquids, sludge wastes can normally be sampled representatively by 
conventional means. In many cases, it may be practical to sample the sludge as a 
fluid prior to solidification. The major consideration associated with sludge 
waste is the moisture content of the sludge. This factor will have the largest 
influence on the unit mass of the waste and hence also on the specific activity.
As a good practice, the activity concentrations should be analyzed and reported 
based on the dry sludge weight.
Bypass sludge analytical results obtained in 1989 are presented in Table 2. 
These results were statistically analyzed assuming a normal distribution. For the 
values of U-235 reported as <1 nCi/g, a value of 1.000 nCi/g was used for 
computational purposes; it is conjectured that the computed mean concentration
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value is higher than the actual. The 95% confidence intervals derived are 
presented in Table 9.
Table 9
Bypass Sludge Radiochemistry Results1 
95% Confidence Intervals (Cl)
Standard Standard Error
n ! Mean Deviation of Mean 95% Cl
Total Alpha 12 59.85 25.67 7.41 (43.53, 76.16)
Pu 12 42.69 26.16 7.55 (26.07, 59.32)
Am-241 12 23.32 21.54 6.22 ( 9.62, 37.01)
U-2353 12 0.699 0.378 0.109 ( 0.459, 0.940)
1. Values are in nCi/g.
2. N is the number of samples
3. For values reported as <1, the value of 1.000 nCi/g was used to calculate the confidence interval.
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The mean alpha activity concentration for bypass sludge is 59.85 nCi/g and 
leaves little doubt that the waste is indeed radioactive. In addition, based on 
process knowledge, it is known that radionuclides are discharged as effluent into 
the streams that make up the bypass sludge sediment. This is not the case for the 
FBI oils, which are also generated from processes with known use of radioactive 
material but resulted in a low level or radioactivity in the pCi/g range. The mean 
gross alpha activity concentration was observed to be 23 pCi/g. The basis for this 
difference may lay in the fact that the radioactive particulate material is 
concentrated (by design) through the process to produce bypass sludge, whereas 
the FBI oils are not subjected to this type of treatment.
The confidence interval established in Equation 1 could be of extreme 
benefit for wastes that, while not considered to be radioactive based on the 
process, are still handled and disposed of as radioactive because of potential for 
contamination from other sources. It is assumed that a nonspecific RT limit (i.e., 
gross alpha, gross beta) would apply, and results from radiochemistry analysis 
could be evaluated rather easily.
A classic example of this situation is the sewer sludge waste generated at 
the Rocky Rats Plant. All currently identified waste streams to the Sewer 
Treatment Facility are nonradioactive, and hence the sewer sludge produced 
should also be nonradioactive. Sewer sludge waste samples were taken in 1986,
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1989, and 1990. The results from radiochemistry analysis for the sewer sludge 
conducted in 1990 were presented in Table 3. The results indicate levels of 
radioactivity in the pCi/g range. The results from statistical analysis are presented 
in Table 10 and include analysis of data obtained in 1986 and 1989 as well. 
Although the values are low (pCi/g range), due to conservative practices followed 
at the Rocky Flats Plant and based on the fact that diminimus or BRC limits have 
not been established, there is no alternative other than to handle the sewer sludge 
as low-level waste.
It is not clear why there is a consistent decrease in the activity 
concentrations over time and it may be possible that radioactive contamination 
occurred prior to 1986 and the gradual decrease in activity concentrations 
observed from 1986 to 1990 is a result of dilution. However, because radioactive 
materials are handled at the Rocky Flats Plant, a study of sludges from typical 
wastewater treatment facilities (those that do not receive effluent from facilities 
that handle radioactive materials) could produce valuable information regarding 
the levels of radioactivity seen in the sewer sludge waste. It is suspected that, 
due to the presence of radionuclides in the environment and based on the sludge 
formation process (e.g., particulate material concentration), similar radioactivity 
levels may be observed.
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Table 10
Sewer Sludge Radiochemistry Results1 
95% Confidence Intervals (Cl)
Standard Standard Error
I f Mean Deviation of Mean 95% Cl
1986 Radiochemistrv Analysis
Gross Alpha 11 75.27 25.37 7.65 (58.22, 92.32)
Gross Beta 11 83.7 39.7 12.0 (57.1, 110.4)
Pu-239,240 11 6.609 2.423 0.731 (4.981, 8.237)
Am-241 11 1.046 0.666 0.201 ( 0.599, 1.494)
U-233,234 11 17.91 4.11 1.24 (15.15, 20.67)
U-238 11 44.73 25.01 7.54 (27.92, 61.54)
1989 Radiochemistrv Analysis
Pu-239,240 7 2.271 0.561 0.212 ( 1.752, 2.791)
Am-241 7 0.8293 0.1957 0.0740 (0.6483, 1.0103)
U-233.234 7 31.29 24.86 9.40 ( 8.28, 54.29)
U-235 7 0.967 0.733 0.277 ( 0.288, 1.645)
U-238 7 15.881 0.901 0.341 (15.047, 16.715)
Gross Alpha 9 39.78
1990 Radiochemistrv Analysis 
14.16 4.72 (28.89, 50.66)
Gross Beta 9 36.67 10.93 3.64 (28.26, 45.07)
Pu-239,240 9 1.3778 0.2167 0.0722 ( 1.2112, 1.5444)
Am-241 9 0.7600 0.1127 0.0376 (0.6734, 0.8466)
U-233,234 9 11.111 2.571 0.857 (9.134, 13.088)
U-235 9 0.3922 0.0750 0.0250 (0.3346, 0.4499)
U-238 9 13.556 2.404 0.801 (11.707, 15.404)
1. Values are in pCi/g.
2. N is the number of samples
T-4020 62
4.3.3 Solids
The solid waste form category consists of three subcategories. Each 
subcategory requires a different approach to assess the radionuclide content. In 
general, homogeneous waste forms can be assessed using conventional techniques 
(as already discussed for liquids and sludges) whereas heterogeneous waste form 
assessments can become exceedingly complex.
Homogeneous Composite. The most common form of homogenous 
composite solid waste is contaminated dirt and soil. The factors affecting 
characterization are weighted heavily on a determination of background radiation. 
At the Rocky Flats Plant an extensive soil sampling program to establish 
background levels has been ongoing for over fifteen years. Typical background 
levels of plutonium concentrations in areas west of the Rocky Flats Plant and not 
suspected to have been contaminated as a result of any activity range from 0.02 to 
0.16 pCi/g (Rockwell International Corporation, 1988). A detailed discussion of 
the complex regulatory and legal aspects surrounding this program is purposely 
avoided here, since it would contribute minimally to the technical components of 
the characterization methodology. Instead, the discussion will focus on evaluation 
of an example waste stream.
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Radiochemistry results were presented in Table 5 for shot table debris 
generated at Lawrence Livermore National Laboratory. As was previously 
described, shot table debris is generated as a result of the detonation of test 
assemblies using high explosives; generally the test materials are nonradioactive, 
although depleted uranium is used in a small portion of the total number of 
experiments conducted annually. For the 27 sample points in Table 5, statistical 
analyses were performed (assuming a normal distribution) and the results are 
presented in Table 11. The mean concentration for gross alpha was determined to 
be 0.34 nCi/g and that for gross beta was determined to be 0.58 nCi/g. These 
values are between the values measured for the bypass sludge and sewer sludge. 
Based on the process, the alpha and beta activity concentrations were expected to 
have been lower (closer to those for sewer sludge) than the results indicate.
These values are also higher than those of another waste stream (FBI oils) that is 
known to have been in direct contact with radioactive material. This may be due 
to incorrect assumptions about the amount of radioactive material used in the 
process or due to the wide dispersion of radionuclides, as a result of detonation, 




Shot Table Debris Radiochemistry Results1 
95% Confidence Intervals (Cl)
Standard Standard Error
N2 Mean Deviation of Mean 95% Cl
Gross Alpha 27 0.34 0.59 0.11 (0.11, 0.58)
Gross Beta 27 0.58 1.0 0.20 (0.18, 0.99)
1. All concentration values are in units of nCi/g.
2. N is the number of samples
Heterogeneous Composite. The most significant consideration in any 
approach to the characterization of heterogeneous wastes is the variability of the 
waste stream. For heterogeneous waste forms with low variability, stratified 
sampling techniques that account for each matrix may be implemented. As an 
example, a liquid waste containing both an oil-based and aqueous-based 
component will eventually separate, assuming it is undisturbed, and the layers 
would be identifiable as separate matrices. Once each matrix has been physically 
identified, sampling of the matrix is conducted in the same manner as for 
homogeneous composite waste. The analysis techniques are also essentially the 
same. Data interpretation should be reported for each matrix separately and as 
weighted average values based on the mass ratio.
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Of all the different waste streams that make up the category of 
heterogeneous composite waste, combustible waste streams, by far, have been the 
most difficult to characterize. The problem with combustible waste is related to 
the number of different methods by which a 55-gallon drum or similar container 
of combustible waste may be generated. Combustible material may consist of 
anything from wipes and rags to disposable clothing and, with poor controls, 
administratively and operatively, other wastes such as debris and metal pieces 
may become part of this waste stream. Combustible waste may be generated 
from direct interaction with radioactive material, but a large portion is only 
suspected to contain radioactivity due to the indirect contact with possibly 
contaminated materials or equipment.
Several methods for sampling a 55-gallon drum of waste have been 
developed by the industry and regulators. EPA has an established method for 
spatially sampling using a simple or stratified random sampling approach as 
presented in Chapter 9 of SW-846 (EPA, 1986). This approach incorporates the 
division of the container into a three-dimensional imaginary grid and random 
selection of the grid sectors for sampling. The Rocky Flats Plant has used similar 
approaches; to randomly select core samples of homogeneous filter sludge waste, 
an imaginary grid is laid over the entire room containing the drums and each 
drum is essentially a sector on the grid (Saba, 1990). Unfortunately, these
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techniques cannot account for a high potential for variation within the waste 
drum, much less for the compounded variation created by the generation of 
several drums from within the same operation or facility. Adequate representation 
by sampling requires a large number of samples, and no formal attempts have 
been made to characterize these specific wastes based on these types of sampling 
approaches. Additionally, due to the problem with obtaining a representative 
sample from within a single waste drum of heterogeneous waste, characterization 
techniques that consider the entire contents of the drum are recommended. 
Subsequently, without supplementary information regarding the activities 
associated with the generation of a container of waste, such as log books, or 
without extremely tight operational controls, adequate characterization may require 
that all containers be sampled in order to obtain statistical validation to any 
significant level of confidence.
The evaluation of a waste can be conducted using several approaches. The 
two most likely methods to be employed are (1) nondestructive radiation assaying 
and (2) destructive evaluation by incineration, to obtain an ash for sampling. If 
the second approach is used, representative sampling of the ash can normally be 
conducted. The inherent problems associated with this approach involve, on a 
drum-by-drum basis, the initial ability to incinerate the combustible waste (and 
achieve complete destruction) and to obtain a homogeneous ash sample. If the
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number of drums required to be sampled8 is exceeding large, based on the 
desired level of confidence, it may be pointless to develop an initial 
characterization strategy for a waste form that will be subjected to additional 
treatment and chemical transformation. Although, if the initial sampling could be 
used to determine whether the waste was nonradioactive, then the subsequent 
treatment could be done on a nonradioactive basis. In the case where the number 
of drums required to be sampled is exceeding large, the proper initiative would be 
to develop a two-phase characterization plan: pre-treatment characterization to 
assure the waste may be safely incinerated, and post-treatment characterization of 
the ash that could include representative sampling, laboratory analysis, and data 
interpretation.
Because of the effort required to conduct a destructive evaluation, a 
nondestructive approach by radiation assaying may prove to be beneficial for this 
waste category. Although no technique for radiation assaying at low levels is 
currently established, several factors make this approach appear feasible. The first 
factor is the fact that X and gamma rays can be detected at low energies in the 
keV range, the second is the fact that combustible wastes are composed of low
8 Refer to Chapter 9 of SW-846 (EPA, 1986) for a detailed discussion on how to 
determine the appropriate number of samples to be collected. Additionally, statistical 
methods and practical sampling strategies can be found in other sources (e.g., Gilbert, 
1987; Keith, 1991).
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density materials consisting of low atomic numbers. This is desirable since the 
attenuation (self-absorption) of X and gamma radiation is directly proportional to 
the atomic number of a material. In the same way that the counting efficiency for 
aliquot samples is affected by self-absorption, the counting efficiency for a drum 
of waste increases for a waste material in which the X and gamma radiation 
attenuation decreases.
As previously stated, other factors affecting the minimum detectable 
concentration are the sample size, standard deviation for the background radiation, 
energies of the X and gamma rays, branching ratios of decaying X and gamma 
rays, number of radionuclides, overlapping of gamma energies from different 
radionuclides, and length of count time. Of these factors, for a given container of 
waste, control over the standard deviation of the background and the counting 
time are obtainable. All other factors are characteristics of the waste or of the 
radionuclides under consideration.
For a given waste container, the geometry is preset, and for this study the 
waste container will be assumed to be a 55-gallon drum. The ideal situation 
would be to use a detector that fully encloses the drum for counting. The 
practical approach is to place several detectors about the drum. Engineered 
controls can be built to minimize and control background radiation such that the 
standard deviation of the background is reduced to a significantly low value.
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Lastly, the length of time of measurement can be increased within the practical 
limitations of operational feasibility.
This theoretical study has been conducted using Microshield® 9 (Grove 
Engineering, 1987) to evaluate the interaction of X and gamma radiation emitted 
from radionuclides suspected to be present in combustible waste generated at the 
Rocky Flats Plant. Microshield is used primarily to analyze the shielding of 
gamma radiation. It requires the development by the user of geometric 
dimensions, material and shielding properties, source strength, buildup factors and 
integration parameters. The interaction of photons emitted from the source are 
analyzed for the specified parameters to determine the resultant flux at a given 
point.
The source strengths by energy group based on the radionuclides selected 
are determined by Microshield. The resultant source strength is the sum of the 
individual gammas from all radionuclides selected, which are sorted into energy 
groups and are in units of photons emitted per second. For this study, the model 
is assumed to be steady-state, which assumes that the change in the decay rate of 
radionuclides in the specified source is negligible. This assumption is based on 
the long half lives of radionuclides Pu-239, Am-241, and U-235 used in this
9 Microshield is a microcomputer adaptation of the main frame code ISOSHLD and is used 
to analyze gamma radiation shielding. The solution algorithms and physical data are the 
same as for ISOSHLD.
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study. The half lives are 24,360 years, 433 years, and 7.1 x 108 years, 
respectively, and thus this assumption is justified. For the cylindrical geometry, 
Microshield calculates the gamma exposure by point-kemel numerical integration.
The first stage of the assessment consists of the development of a 
combustible waste with a hypothetical concentration of radionuclides present. 
Because bypass sludge is essentially representative of Rocky Flats plant-wide 
operations, it was chosen for use in this study for the evaluation of the 
combustible waste stream. Concentration ratios for Pu-(239,240), Am-241, and 
U-235 from the original radiochemistry results performed for bypass sludge were 
determined. These values are presented in Table 12.
The average ratio for Pu-(239,240) to Am-241 was calculated to be 0.676, 
and the average ratio of Pu-(239,240) to U-235 was calculated to be 0.0194. 
Using these ratios, a hypothetical source for the combustible waste was built for 
analysis. Further studies to determine more precise ratios of radionuclides in 
combustible waste may be warranted.
A rather simplistic physical waste form was created to evaluate the 
attenuation and resulting dose rate at the outer surface of the waste drum. This 
waste form, in its initial form, possesses the chemical make-up of cellulose and
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Table 12
Bypass Sludge Concentration Ratios
Ratio
Ref No.1 Pu/Am-241 Pu/U-2352
36888 4.95 x 1U1 1.31 x 10*2
64697 8.51 x i a 1 1.43 x ia 2
53419 1.83 x i a 1 1.69 x 10*2
64345 2.03 x 1040 1.27 x ia 2
50016 2.11 x 1a 1 4.18 x 10-2
50686 i.8o x 1a 1 1.77 x i a 2
50025 3.54 x l a 1 5.83 x 10-2
47973 8.79 x l a 1 7.99 x 103
08694 6.91 X l a 1 1.82 x ia 2
64982 1.63 X l a 1 9.33 x lO"3
46560 1.86 x 1040 5.43 x i a 3
64940 1.79 x i a 1 1.69 x i a 2
1. From Rocky Flats Plant Analytical Requisition form (Rockwell International Corporation, 1989)
2. For values of U-235 reported as <1, the value of 1.000 was substituted to compute the ratio.
the physical density of paper and is expected to exhibit average properties of a 
very general category of dry combustible waste containing a high concentration of 
paper products. For a waste drum of dry combustibles, the two parameters that 
are most likely to vary are (1) the density of the waste package, due to packing 
efficiency and void volume, and (2) the actual concentration of the radionuclides 
present. Parametric analysis by variation of these two parameters was performed
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to determine the theoretical dose point flux on the surface of the drum at the axial 
center. The Microshield input parameters used in this study are summarized in 
Table 13. Figures 1 and 2 present the resultant dose point flux for these analyses. 
The dose point flux variation was nonlinear for a change in density. Based on 
this observation, it can be said that, for the hypothetical waste form, the dose 
point flux varies exponentially and it is due to gamma attenuation by the waste 
material. The dose point flux varied linearly for the change in concentration 
(constant density), as would be expected. This is supported by review of the 
fundamental understanding of gamma radiation interaction with material 
represented in the following equation:
I = I0e MX
where I is the resultant gamma radiation intensity, IQ is the original gamma 
radiation intensity, p is the gamma attenuation coefficient for a given material, 



































































0% to 75% for a waste with a constant Pu-239 concentration of 100 nCi/g. 
Concentration of Am-241 and U-235 are based on the same ratio above.
Reference Dose Point
Axial At mid-point between the top and bottom of drum
(Approximately 42 cm from bottom).
Range - 1 nCi/g to 1000 nCi/g 
Increment - 100 nCi
Ratio of 0.676 to Pu-239 concentration
Ratio of 0.0194 to Pu-239 concentration
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Figure 2. Dose Point Flux vs Concentration
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Additionally, p = p ^  where pm is the mass attenuation coefficient10 for a given 
material and p is the density of the material. Thus a change in the density p 
would cause the resultant intensity to vary exponentially from the original 
intensity. Likewise, since the original intensity is a direct result of the 
concentration, a change in concentration would result in a linear change in the 
intensity, provided that the density remained constant.
For a point of reference, a hypothetical waste form containing a void 
volume of 50% was used to calculate the dose point flux and dose rate on the 
outside surface of the axial center of a 55-gallon stainless steel drum containing 
the source waste. A radioactive source consisting of a concentration of 100 pCi/g 
of Pu-239 and appropriately proportioned concentrations of Am-241 and U-235 
was used. The mass of the waste in the drum, based on a 50% void volume, 
was calculated to be 75.10 kg (165.57 lbs). The total activity for each 
radionuclide was 4.2131 x 106 Ci, 7.5099 x 10'6 Ci, and 1.6897 x 10 7 Ci, for Am- 
241, U-235, and Pu-239, respectively. The results of the analysis performed using 
Microshield are presented in Table 14. The group number used in the table is 
simply a number assigned to photons within a given energy range.
10 Mass attenuation coefficients can be found in a number of reference sources such as the 
Radiological Health Handbook (Department of Health, Education and Welfare, 1977).
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Table 14
Microshield Dose Point Flux and Dose Rate Results 
for a Hypothetical Source1 in a 50% Void Volume
Group Dose
No. Energy Activity Point Flux Dose Rate
(MeV) (photons/s) (MeV/cm2/s) (mR/hr)
1 .2266 6.252 8.194E-05 1.561E-07
2 .2109 293.8 3.498E-03 6.539E-06
3 .1953 156.9 1.671E-03 3.063E-06
4 .1797 3401 3.151E-02 5.661E-05
5 .1641 293.8 2.347E-03 4.133E-06
6 .1484 670.2 4.519E-03 7.777E-06
7 .1172 141.6 5.256E-04 8.296E-07
8 .1016 222.7 5.958E-04 8.979E-07
TOTALS 5.186E+03 4.474E-02 8.001E-05
1. Source concentrations: Pu-239 - 100 nCi/g, Am-241 concentration ratio = 0.676, U-235 concentration ratio = 0.0194
For practical applications, an adaptation to Microshield could be developed 
to back-calculate the concentration of specified radionuclides based on the 
observed dose point flux and dose rate. Specifically, the adaptations would allow 
for the user input of detector efficiencies, geometries, material properties, and 
specific radionuclides present with corresponding ratios. With this information,
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the concentrations of each radionuclide could conceivably be determined. Of 
course, it is suggested that additional analysis of the physical form of each waste 
(as well as radionuclide concentration ratios) be conducted to determine the 
feasibility of such implementation. Factors that require assessment include the 
determination of the detection capabilities of instrumentation for the photon 
energies of radionuclides at low concentration levels for a given geometric 
configuration and the ability to establish values for these counting efficiencies. 
Also, accurate determination of attenuation factors for each material is necessary. 
The ability to determine the ratio of one radionuclide to another may not be as 
crucial since often the characteristic photons emitted are distinguishable. Other 
considerations would include the feasibility of implementing engineered controls to 
achieve a minimum standard deviation for background radiation and the length of 
count time requirements.
Without this type of approach, the precision of the characterization of 
heterogeneous wastes is limited. In addition, this approach could be practical for 
other waste streams that are composed of materials with low densities and low 
atomic numbers. Construction debris and glass waste are potential candidates.
Surface Contaminated. Contaminated equipment, lead bricks, and sheet 
metal are the principal types of surface contaminated waste. The level of surface
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contamination for lead bricks and sheet metal can be determined by performing 
smears using absorbent wipes (for a representative surface area) and measuring the 
removable contamination11. In addition, a direct radiation assay (for a 
representative surface area) can be conducted to measure the fixed or present level 
of radiation. For these wastes, the techniques are well established and the levels 
of contamination can be evaluated against established limits.
The level of contamination for equipment such as pumps, motors, and 
machinery is extremely difficult to determine (due often to the lack of a 
representative surface area), and there is no alternative other than to conservatively 
classify the waste as low-level. In general, there are no known feasible methods 
available for quantitatively assessing these types of contaminated equipment.
4.4 Methodology
The methods for radioactive waste characterization are laid out 
schematically in Figures 3 through 5 (these figures are presented in the 
subsections, below, in which they are discussed). As a general rule, the
11 Procedures for measuring fixed and removable contamination can be found in most 
facility health and safety manuals.
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methodology errs on the conservative side by forcing a waste that cannot be 
positively classified at a given level to be evaluated at the next higher level of 
radioactivity classification.
4.4.1 Liquids. Homogeneous Composite Solids
The starting point for this characterization method (Figure 3) is the 
assumption that two conditions are possible: 1) the waste is only potentially 
contaminated or, 2) the waste is known to be radioactive based on known 
contamination or direct contact with radioactive material.
For wastes that are only potentially contaminated, it is necessary to first 
determine whether a direct comparison to the original product or input stream 
(assuming the input stream is not radioactive) can be conducted. If a direct 
comparison to a waste stream can be conducted, a waste stream-specific diminimus 
limit12 can be established based on the development of a 95% confidence interval 
(CI) for the original product or input stream. The waste stream-specific diminimus 
limit is the upper bound of the CI. Wastes that are below the waste stream-
12 A waste stream-specific diminimus limit is specific to the waste stream under evaluation 
and must be based on establishment of a 95% confidence interval for the original product 
or input stream.
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specific diminimus limit are not considered to be radioactive. In addition, if 
thereare waste sample points above the waste stream-specific diminimus limit, the 
95% CI for the waste samples must be determined and the upper bound of the CI 
must be below the waste stream-specific diminimus limit. It is important to 
ensure that the samples taken for the original product or input stream are 
representative of the volume of waste to be sampled. The number of samples of 
original product must be equivalent to or greater than the number of waste 
samples. If the number of samples is equivalent, a Student’s t-paired test is also 
recommended to evaluate the means. If a direct comparison cannot be made, 
representative sampling of the waste shall be conducted and a 95% CI developed.
Likewise, if a direct comparison to a waste form can be conducted, a waste 
form-specific diminimus limit13 can be established based on the development of a 
95% CI for the original product(s) or input stream(s). The probability of having a 
waste form for which a direct comparison to the original product or input streams 
can be made is less likely than that for a waste stream. However, the potential 
exists and this scenario must be considered.
13 A waste form-specific diminimus limit is specific to the physical waste form under 
evaluation and must be based on establishment of a 95% confidence interval for the 
original produces) or input stream(s).
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If a general diminimus limit14 can be established, and if the upper bound 
of the 95% CI is less than the general diminimus limit, the waste is not considered 
to be radioactive.
For a waste that is classified as radioactive based on known contamination 
or from direct contact with radioactive material, representative sampling of the 
waste shall be conducted and a 95% CI developed. If a general diminimus limit 
can be established, and if the upper bound of the 95% CI is less than the general 
diminimus limit, the waste is not considered to be radioactive.
If a general diminimus limit does not exist or the waste is determined to be 
above the general diminimus limit, and if a BRC limit can be established and the 
upper bound of the 95% CI for the waste is below the limit, the waste is a BRC 
radioactive waste.
Lastly, if a BRC limit does not exist, or the waste is determined to be 
above the BRC limit, the waste must be classified as a low-level radioactive waste.
14 A general diminimus limit is general for a waste stream or waste category and may be 
developed based on similar waste streams, similar waste categories, similar physical 




The method for characterizing sludge waste (Figure 4) differs from that for 
liquids and homogeneous solids in that sludge wastes are not originally introduced 
in this form as an input stream. Thus, a direct comparison to the original product 
or input stream cannot be made. As previously mentioned, it is recommended that 
programs be conducted to evaluate sludge wastes from facilities that do not handle 
radioactive waste. Waste processes that concentrate particulate material (including 
the unintentional concentration of radioactive particulates) can create unwarranted 
problems, particularly for facilities that handle radioactive waste, because there is 
always the possibility that contamination has occurred and any indications of 
elevated levels causes such concern. Although this possibility still exists at 
facilities that have no association with radioactive materials, the probability is low, 

























4.4.3 Heterogeneous Composite Solids
87
The characterization method (Figure 5) proposed for heterogeneous waste 
streams is, by far, the most complex. The initial activity is the assessment of 
whether, for each individual waste component that makes up the waste, 
identification, separation, and representative sampling can be conducted. If so, the 
methodology for homogeneous composite solid waste must be applied for each 
individual waste component.
If not, then a determination must be made as to whether destructive 
evaluation of a representative number of waste containers will 1) yield a 
homogeneous matrix that is 2) representative of the waste streams under 
evaluation. For a specific small inventory of combustible waste, complete 
incineration could be used to fulfill both criteria. Once these criteria have been 
met, sampling, analysis and data interpretation would be the same as for 
homogeneous composite solid waste. Note that, to be effective, a homogeneous 
matrix must be created and must be representative of the waste stream. This is 
often impossible. As an example, the incineration of a container of combustible 
waste will yield an ash that can be thoroughly mixed and will qualify as 
homogeneous, but the single container is not representative of other combustible 
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Figure 5. Method for Heterogeneous Composite Solid Waste
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accurate representation of Rocky Flats Plant combustible waste, based on the 
known high variability, it is assumed that nearly all waste containers would require 
incineration.
If destructive evaluation is not selected, the feasibility of nondestructive 
radiation assaying must be assessed. This assessment must include the evaluation 
of detection capabilities for the suspect radionuclides, radiological properties of the 
suspect radionuclides, and physical properties of the waste form including the 
density and bulk gamma attenuation coefficient. The assessment may include 
actual parametric analysis using those parameters theoretically addressed in Section 
4.3.3. If nondestructive radiation assaying is determined to be feasible, each 
container should be assayed (after all appropriate calibrations have been 
conducted) and concentrations calculated. Based on these concentrations, a 95% 
CI shall be developed, and if a general diminimus limit can be established, and if 
the upper bound of the 95% CI is less than the general diminimus limit, the waste 
is not radioactive. If a general diminimus limit does not exist or the waste is 
determined to be above the general diminimus limit, and if a BRC limit can be 
established and the upper bound of the 95% CI for the waste is below the limit, 
the waste is a BRC radioactive waste.
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If nondestructive radiation assaying is determined to be infeasible, process 
knowledge shall be used to conservatively classify the waste as low-level 
radioactive.
4.4.4 Surface Contaminated
As mentioned in Section 4.3.3, the amount of surface contamination for 
solid objects (bricks, sheet metal) can be determined by performing smears using 
absorbent wipes (for a representative surface area) and measuring the removable 
contamination. In addition, a direct radiation assay (for a representative surface 
area) can be conducted to measure the fixed or present level of radiation. For 
these wastes, the levels of contamination can be evaluated against established 
limits. For surface-contaminated equipment which cannot be representatively 
sampled and analyzed, the classification can be based only on process knowledge; 




The methodology presented in this study can be used to characterize 
radioactive waste. It employs both standard and theoretical assessment, analysis, 
and data interpretation techniques.
For liquids, sludges, and homogeneous composite waste forms, the 
techniques for sampling and analysis are well established and require minor 
adaptation for incorporation into this methodology. These techniques were termed 
’’conventional sampling and analysis” and are commonly used in the industry. 
Heterogeneous composite waste stream characterization methods (destructive and 
nondestructive evaluation), although not as well established and by no means 
simple, could be implemented for a large number of waste streams, as this study 
proposes.
Destructive evaluation techniques are recommended for low variant 
heterogeneous waste streams for which representative samples can be taken. This 
technique could be applicable to a wide variety of waste streams. Also, 
destructive evaluation techniques can be used for waste forms that are only 
occasionally generated or are limited in inventory, and for which radiation
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assaying is infeasible due to the complexity of calibrating for the waste form and 
suspect source radionuclides.
Radiation assaying may prove to be a viable method of characterization for 
many highly variant waste streams. For waste streams that are composed of high 
density material consisting of high atomic numbers, the ability to detect the source 
radionuclides becomes increasing difficult. If other factors can be enhanced that 
allow for a higher detection efficiency, such as reduced standard deviation of 
background radiation and greater length of counting time, then it may be possible 
to apply this technique to high density waste streams. Experimentation, using 
varied radioactive sources and waste forms, and comparison to theoretical 
expectations is the next obvious step for implementing a sound characterization 
program consisting of low-level waste radiation assaying.
The information in this study illustrates that there are many adverse factors 
affecting the overall characterization. Engineered and operational controls can be 
implemented to minimize problems that are essentially technical issues. Other 
factors affecting the overall characterization include regulatory issues. Even 
though a waste containing a low concentration of radionuclides might be fully or 
adequately characterized, its classification into a category other than low-level can 
be inhibited by the lack of established lower limits (diminimus or BRC). As was 
illustrated, the methodology developed here relies on the ability to establish limits
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for classification. The initial step is to place the waste into one of two categories; 
wastes that are either potentially contaminated or waste that are definitely 
contaminated. Then, conditions for characterization can be placed on each 
category.
For potentially contaminated waste, waste stream-specific and waste form- 
specific diminimus limits were introduced as a means of determining whether a 
waste is radioactive or not. For waste that can be compared directly to the 
original product, the basis for establishing a waste stream-specific or waste form- 
specific diminimus level is sound because the limit can be based on a measurable 
and discrete background level of radiation.
General diminimus limits, by their nature, are expected to be more 
stringent than waste-specific diminimus limits, since the basis for determination of 
the limit may be a collective assessment of background radiation levels. This 
type of approach often requires the inclusion of a significant level of safety. BRC 
limits, by their definition, can be used in conjunction with this methodology once 
they are established by the regulators. The high variation in levels of 
radioactivity observed in this study would imply that BRC limits would need to 
be specific to the waste stream, waste form, or waste process, since nonspecific 
limits may not provide any greater subclassification than currently exists. In any 
case, if the methodology is followed through and it cannot be demonstrated that
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the waste contains no more than a diminimus level of radioactivity, nor have BRC 
limits been established, the waste can continue to be conservatively classified as 
low-level waste; the level at which these wastes are currently classified.
Future research is required in several areas if this proposed methodology is 
to be implemented in full. First and foremost, the establishment of diminimus 
and BRC limits will be required and will demand a significant level of effort to 
be placed on determining appropriate and acceptable limits. This effort will 
undoubtedly challenge both the regulatory and technical community.
Additionally, for gamma radiation assaying to become a method that can be 
commonly implemented for a wide variety of situations, the following steps must 
be taken:
• A systematic method must be developed for assessing the composition of 
waste streams, forms, and categories in order to establish consistent gamma 
attenuation coefficients for the waste in conjunction with calibration 
methods.
• A method must be established for qualifying potential radionuclides present 
in a given waste and for determining their relative ratios.
• Microshield (or similar program) must be adapted so that the software can 
calculate the radionuclide concentrations based on empirical dose point 
fluxes.
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An assessment must be made of the feasibility of implementing engineered 
controls to achieve a minimum standard deviation for background radiation 
such that the lowest possible concentration of radionuclides can be 
measured.
An assessment must be made of the detection capabilities for photon 
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APPENDIX
CONVERSION FACTORS FOR RADIOLOGICAL UNITS
AND PREFIXES
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Conversion Factors for Radiological Units
Source: Radiological Health Handbook, Revised Edition, 1977, 


















R 2.58X10"* C/kg of air
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Conversion Factors for Radiological Units 
(continued)
Multiply ft of 
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pCi/m3
Prefixes
Source: CRC Handbook of Chemistry and Physics, 64th Edition, 1983-1984, 
CRC Press, Inc., Florida.
deci; d id ( = io-‘) d deca; deca (=  101) da
centi; centi ( = io-2) c hecto; hecto (=  102) h
milli; milli ( -  IO'3) m kilo; kilo (=  103) k
micro; micro ( -  i<r6) M- mega; mega (=  io6) M
nano; nano (= io-9) n giga; giga (=10*) G
pico; pico (= io-‘2) P tera; t6ra ( -  1012) T
femto; femto (=  10",s) f peta; peta ( -  10IS) P
atto; atto (=  10—) a exa; exa ( -  101*) E
